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Abstract Misuse of pesticides in farming activities leads to
contamination of drinking water sources and is responsible for
animal and human health problems. The biobeds are practica-
ble option to minimize contamination by pesticides during
preparation, use and washing of equipment for pesticide treat-
ments. This research aimed at testing substrate mixtures to
optimize biobed efficiency to remove pesticides under the
climate of the Yucatan (México). Agricultural soil and 11
mixtures adding vegetable compost, sisal pulp, corn stover
and seaweed were tested under controlled conditions. Each
biomixture was exposed to a mixture of five pesticides (2,4-
diclorophenoxyacetic acid B2,4-D^ [1.08 mg cm−3], atrazine
[2.50 mg cm−3], carbofuran [0.23 mg cm−3], diazinon
[0.34 mg cm−3], and glyphosate [0.36 mg cm−3]) in a period
of 41 days. Monitoring of the dissipation of pesticide residues
showed that pesticides were quickly dissipated in soil at mi-
crocosm level experiment, while at two critical times of 20
and 41 days, all mixtures of substrates (biomixtures) were
efficient in dissipation of high concentrations of pesticide in

a short time (>99%). Time, biomixture and type of pesticide
were shown to be the main parameters influencing pesticide
dissipation (P < 0.05). Several other physicochemical param-
eters of the biomixtures, such as organic matter (OM), lignin,
water holding capacity (WHC), and pH, were also significant
on pesticide dissipation (P < 0.05), being pH the most
significant.

Keywords Biobeds . Organic biomixtures . Pesticide waste
treatment . Pesticide dissipation . Physicochemical parameters
influence

Introduction

According to FAO, in the DECLARATION OF THE
WORLD SUMMIT ON FOOD SECURITY Rome in 2009,
it is important to increase crop yields by 70% for 2050 to
address the food crisis (FAO 2009). This implies a constant
increase in crop yield which will be affordable by the use of
technologies including the sustainable of agrochemicals,
which represents the most viable way to protect and guarantee
crops. Without the use of pesticides, feed costs could double;
food shortages pose a serious problem for third-world coun-
tries due that about 40% of agricultural production could be
lost (Wu and Sardo 2010).

Improper handling of pesticides may result in contamina-
tion of both surface and groundwater, which represents a po-
tential risk to the environment and health. Water pollution by
pesticide originates either from nonpoint or point sources con-
tamination. Percolation and runoff are the processes leading
the dispersion of nonpoint sources contamination in the envi-
ronment (De Wilde et al. 2010). Point sources contamination
resulting from various activities such as spills during filling
operations, leakages of spray equipment, spray leftovers, and
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spills of rinsing water from internal and external cleaning of
the spraying equipment appear to be responsible for 40–90%
of the surface water and groundwater contamination (De
Wilde et al. 2010).

The regulations of the European Community (2006/118/
EC, 2008/105/EC) sets a limit reference value for the presence
of any pesticide of 0.1 μg L−1 in drinking water (European
Community 2006, 2008). This infers that 1 g of active sub-
stance can potentially contaminate up to 10,000 m3 of water.
Other regulations such as EPA in its maximum contamination
level (MCL) of pesticides in water establish values of
70 μg L−1 (2,4-D), 3 μg L−1 (atrazine), 40 μg L−1

(carbofuran), 3 μg L−1 (drinking water equivalent for diazi-
non), and 700 μg L−1 (glyphosate) (Hamilton et al. 2009). The
Mexican regulation NOM-127-SSA1–1994 reports maximum
limits in water of 0.03 to 50.00 μg L−1 for many pesticides
such as 2,4-D. This shows important differences between reg-
ulations in the world.

The implementation of good agricultural practices prevents
and controls contamination by pesticide residues. For exam-
ple, it is recommended to collect agricultural effluents pro-
duced during pesticide application (filling, applying, and
washing steps, as well as pesticide leftovers). The nature and
concentration of the effluent depends on the type and amount
of pesticide employed and the extent of agricultural fields.

Biobed is a treatment system of agricultural effluents de-
veloped in Sweden to solve the problem caused by point
source pesticide contamination of water resources
(Torstensson and Castillo 1996). In its original form, it is a
simple construction designed to confine and degrade pesti-
cides in agricultural effluents. It consists in a hole of 60 cm
deep in the ground, which is isolated from the soil by a layer of
clay to prevent leaching of contaminants, as well as a
biomixture made of straw, soil, and peat in proportion
2:1:1 v/v, respectively, and a final layer of grass (Castillo
et al. 2008). Since the first biobeds in Sweden in 1993, 5055
biobeds have been implemented in Europe (Sweden, France,
Italy, UK, Belgium, etc.), 1520 in American Continent, 29 in
Africa, and 1 in Japan (Husby 2013). In Latin America, sev-
eral countries such as Peru, Guatemala, Costa Rica, and Chile
are already using biobed to control and prevent pesticide con-
tamination of water sources and soil (Castillo et al. 2008).

The efficiency of biobed systems to dissipate pesticides
residues lies on abiotic (adsorption, chemical degradation)
and biotic (microbial degradation) processes occurring in the
biomixture (Torstensson and Castillo 1997). For example,
pesticide degradation bywhite rot fungi activity has a relation-
ship with substrates with high content of lignocellulose
(Castillo et al. 2008).

In designing a biobed besides basic engineering aspects,
the substrates used to constitute the biomixture are a key
component conditioning the performances of abiotic and bi-
otic processes responsible for pesticide dissipation

(Karanasios et al. 2010a; Diez et al. 2013a, b). Each sub-
strate entering in the composition of the biomixture plays an
important role: (i) Soil provides microorganisms and sorp-
tion sites; (ii) peat increases the adsorption capacity and
regulates the pH and moisture; (iii) straw is conceived as
the main substrate because of its microbial activity, especial-
ly of white rot fungus (Torstensson and Castillo 1996;
Castillo and Torstensson 2007; Castillo et al. 2008). For soil,
physicochemical parameters such as pH, organic matter con-
tent, moisture, temperature, and others are important in pes-
ticide dissipation by degrading (Shahgholi and Ahangar
2014; Aparicio et al. 2015). Recently, it was proven that
straw can be partially or totally replaced by other lignocel-
lulosic materials such as sunflower, crop residues, olive
leaves, grape stalks, orange peels, corn cobs, spent mush-
room substrate, cork, vine branch, and others, recording
good pesticide dissipation in biobeds (Karanasios et al.
2010b; Coppola et al. 2010; Karas et al. 2016; Pinto et al.
2016). Many studies about biobeds focused in dissipation
process through time taking in count pesticide types,
biomixtures, and the differences in biobeds (Fogg et al.
2003a, b; Castillo et al. 2008; Dakhel et al. 2013); however,
physicochemical parameters of biomixtures and their effect
on pesticide dissipation have been studied poorly or their
importance in the process has been inferred. Castillo and
Torstensson (2007) studied the effects of WHC and temper-
ature on pesticide degradation confirming the importance of
both.

Efficiency of biobeds using different substrates has been
proved by several studies. Dissipations of pesticides in range
of 60–99.9% at different time periods (1–24 months) using
lignocellulosic substrates in conventional biobed systems
(Karanasios et al. 2010a; Diez et al. 2013a; Coppola et al.
2010; Cooper et al. 2016) and adding inoculum to accelerate
the pesticide degradation (Karas et al. 2016; Pinto et al. 2016)
have been reported; this is despite important differences in
physicochemical parameters of biomixtures. Influencing of
factors such as pH and organic matter content (OM) is evident.
Highest efficiencies are reported in biobed with pH around 7
(Karanasios et al. 2010a; Coppola et al. 2010; Cooper et al.
2016; Karas et al. 2016; Pinto et al. 2016). About OM, some
studies reported highest pesticide dissipation in biomixtures
with the highest OM content (8.82–39.4%) (Coppola et al.
2010; Karas et al. 2016).

To be successfully implemented to treat agricultural efflu-
ents, biobed has to be adapted to regional constraint and op-
portunities. Having this in mind, its design and the composi-
tion of its biomixture can vary from one region to other one.
Indeed, various construction materials can be used, clay layer
can be substituted with concrete or plastic materials, and orig-
inal substrates can be used with other equivalent available
materials (Castillo et al. 2008). In order to implement biobed
systems in the Yucatan area, a study to optimize the
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composition of the biomixture and the importance of their
physicochemical parameters by testing the efficiency of dif-
ferent biomixtures made of various local materials including
soil, vegetal compost, sisal bagasse, corn stover, and seaweed,
to treat pesticide effluents under controlled conditions of tem-
perature and humidity using miniaturized biobeds at two crit-
ical times, was carried out. During this experiment atrazine,
carbofuran, diazinon, glyphosate, and 2,4-D were applied as a
mixture in all biomixtures.

Materials and methods

Substrates

The substrates used in this research were agricultural soil, sisal
pulp, vegetable compost, corn stover, and seaweed. The dif-
ferent substrates were selected because of their easy availabil-
ity in Yucatan Peninsula, Mexico. The soil used was collected
from a production plot of vegetables with pesticide application
record. The sisal pulp was obtained from a shredder company.
The vegetable compost came from a vermicompost process
using plant-based substrates. Corn stover was obtained from
an agricultural plot. Finally, the mixture of seaweed was col-
lected from the coastal line from Chuburna Puerto to Telchac
Puerto in the Yucatan, Mexico. All substrates were dried at
environmental temperature for 24 h. Vegetable substrates were
chopped using an electric device, and soil was sieved through
0.5-mm sieve.

Physicochemical characterization of substrates

The physicochemical characteristics of the different substrates
are shown in Table 1. Parameters such as bulk density (BD)
were determined by the core method (Blake and Hargue
1986), real density (RD) by the method of volumetric flask
(Estrada and Alvarez 2011), organic matter (OM) and total
organic carbon (OC) by wet digestion and colorimetry
(Okalebo et al. 1993), total nitrogen (N) by Kjeldahl method
(Okalebo et al. 1993), lignin by Ankon method (Van Soest
1968), the pH according to the Official Mexican Standards
NOM-021-SEMARNAT-2000 (2002) (soil and compost)
and NMX-F-317-S-1978 (1978) (remaining substrates), water
holding capacity (%WHC) according to the method of
BIOTECHNOLOGY-IPN (Juárez et al. 2009), and texture
by the method of Bouyocus (Estrada and Alvarez 2011).

Biomixtures

The biomixtures (M1–M12) were prepared and their ability to
dissipate pesticides was evaluated. The composition of the
biomixtures is presented in Table 1; M1 refers to agricultural
soil used in this research. The sandy loam soil (fine gravel
[8.6%], very coarse sand [8.8%], coarse sand [21.5%], medi-
um sand [20.1%], fine sand [19.9%], very fine sand [10.4%],
coarse silt [8.5%], and clay [2.2%]) was collected from a depth
not greater than 20 cm. Soil had been previously exposed to
pesticides (6 months previous the research). Initial pesticide
remaining in agricultural soil was measured; results showed

Table 1 Composition, proportion v/v, and physicochemical characteristics to each substrate and biomixtures

Biomixture composition v/v (%) OM (%) OC (%) Lig (%) WHC (%) N (%) (C/N) pH BD (g cm−3) RD (g cm−3)

Compost – 44.00 25.52 20.84 285 0.83 30.60 7.25 0.50 1.11

Sisal – 72.48 42.04 11.75 715 0.83 53.86 8.34 0.12 0.53

Corn stover – 87.89 50.98 6.46 1270 0.75 73.49 7.85 0.04 0.30

Seaweed – 61.78 35.83 7.13 530 2.17 18.15 7.48 0.08 1.16

Soil (M1) 1 35.51 20.60 ND 154 1.71 12.05 7.25 0.55 1.22

M2 Soil-compost 1:1 38.80 22.51 8.08 205 1.37 16.44 7.59 ND ND

M3 Soil-sisal 1:1 44.78 25.97 2.94 295 1.49 17.44 7.34 ND ND

M4 Soil-seaweed 1:1 39.96 23.19 1.21 218 1.79 12.9 7.62 ND ND

M5 Soil-corn stover 1:1 40.05 23.23 0.56 251 1.63 14.28 7.63 ND ND

M6 Soil-compost-sisal 2:1:1 31.29 18.15 4.35 245 1.07 16.91 7.61 ND ND

M7 Soil-compost-seaweed 2:1:1 30.34 17.60 3.99 210 1.19 14.74 7.65 ND ND

M8 Soil-compost-corn stover 2:1:1 31.02 18.00 4.00 223 1.16 15.48 7.67 ND ND

M9 Soil-sisal-seaweed 2:1:1 35.05 20.33 1.75 258 1.35 15.11 7.37 ND ND

M10 Soil-sisal-corn stover 2:1:1 36.24 21.02 1.59 275 1.32 15.95 7.63 ND ND

M11 Soil-seaweed-corn stover 2:1:1 35.40 20.53 0.80 233 1.51 13.56 7.60 ND ND

M12 Soil-compost-sisal- seaweed-corn stover 4:1:1:1:1 23.72 13.76 2.12 240 0.90 15.30 7.52 ND ND

v/v volume-volume proportion, OM organic matter, OC organic carbon, Lig lignin,WHC water holding capacity, N total nitrogen, C/N carbon-nitrogen
ratio, pH hydrogen potential, BD bulk density, RD real density, ND no determined
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that any pesticide studied was detected. It therefore constitutes
not only a habitat for microorganisms but also a possible
source of pesticide-degrading microorganisms, selected by re-
peated exposure to pesticides (Udikovic-Kolic et al. 2012).
The soil is the dominant substrate (i.e., representing 50% of
the biomixture) in the 11 biomixtures (M2 toM12) which also
comprising various amounts of organic components (Table 1).
Soil was used as control (M1). All the biomixtures were phys-
icochemical characterized. Organic matter content (OM), total
organic carbon, (OC), total nitrogen (N), lignin content (Lig),
water holding capacity (WHC), pH, and the C/N ratio were
determined (Table 1).

Pesticide dissipation kinetic in soil

Prior to biobed implementation, a first experiment to deter-
mine the ability of soil to dissipate pesticides at microcosm
level using high pesticide concentration was performed; this is
to know the pesticide dissipation and time effect to select the
monitoring times in pilot biobeds. Systems consisted in a glass
container with capacity of 100 mL containing 5 cm3 of soil
(1.66 g dry weight) sealed with parafilm and incubated at
temperature and humidity of 29.6 ± 2 °C and 58.5 ± 5.8%,
respectively. Half milliliter of a pesticide solution at concen-
trations of 10,800 mg L−1 for 2,4-D, 25,000 mg L−1 for atra-
zine, 2290 mg L−1 for carbofuran, 3436 mg L−1 for diazinon,
and 3600 mg L−1 for glyphosate was used. The mixture of
pesticides was prepared in 0.01 M solution of CaCl2. Final
concentration of pesticides in systems was 1.08 mg cm−3 (2,4-
D), 2.50 mg cm−3 (atrazine), 0.23 mg cm−3 (carbofuran),
0.34 mg cm−3 (diazinon), and 0.36 mg cm−3 (glyphosate).
All systems were adjusted at 90% of WHC. Concentrations
used in this experiment were selected because experimental
design considers the real concentrations used by farmers.

Dissipation was monitored in a time period of 41 days
(1, 3, 7, 10, 14, 18, 22, and 41 days) with five replicates
per each time. Kinetic of dissipation using a first-order

kinetic model (C = C0e
−kt) was developed. Time to dissi-

pate the 50% of pesticides (DT50 = ln (2)/k) and to dissi-
pate 90% of pesticides (DT90 = ln (10)/k) was determined
for all pesticides.

Biobed systems implementation

A second experiment to know the pesticide behavior in biobed
systems using novel biomixtures was performed. Seventy-two
miniaturized biobeds were implemented in the laboratory with
six replicates per biomixture. Each miniaturized biobed
contained a total volume of 500 cm3 of biomixture in plastic
containers. The biobeds were implemented for 41 days under
controlled temperature of 29.6 ± 2 °C and humidity of
58.5 ± 5.8%, this according with previous experiment. The
systems were regularly watered to maintain water holding
capacity at 90% (w/v). Times of 20 and 41 days were selected
to monitoring remaining pesticides in biobeds because at this
time periods, pesticide remaining in previous analyses in soil
showed an asymptotic behavior (plateau), and to know if sub-
strate addition reduce or not pesticide concentrations to similar
times is relevant. Biobed scheme is given in Online Resource
1.

Pesticide mixtures

Pesticides mixture used in biobeds mimic pesticide effluents
generated by farmers in Yucatan area, this according to a sur-
vey that studied the phytosanitary practices of farmers
(Cardeña-Echalaz 2015). Mixture of pesticides was composed
of formulated atrazine, carbofuran, diazinon, glyphosate, and
2,4-D (Table 2). The solution of pesticides was prepared in
0.01-M solution of CaCl2. One hundred milliliters of this pes-
ticide mixture was applied evenly to each of the 11
biomixtures and agricultural soil using a small manual
sprinkler.

Table 2 Composition and
concentration of agricultural
effluents

Active
substance

Commercial
name

Company Effluent
concentration
(mg L−1)

Pesticide
concentration
in biobed (mg cm−3

of biomixture)

2,4-D Agramina 6 Velsimex 5400 1.08

Atrazine Sanazina Velsimex 12,500 2.50

Carbofuran Furadan
350 L

FMC 1145 0.23

Diazinon Dragón 25E Dragón 1718 0.34

Glyphosate Velfosato Velsimex 1800 0.36

Total quantity applied of active substances in milligrams per 500 cm3 of biomixture: 2,4-D = 540;
carbofuran = 114.5; atrazine = 1250; diazinon = 171.8 and glyphosate = 180. Total sum of pesticide for each
biobed was 2.26 g
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Pesticide analysis

Samples (3 g) were taken randomly from three of the six
replicates for each biomixture 20 and 41 days after pesti-
cide mixtures application. Prior to the collection of the
samples, biomixtures were homogenized. Systems were
discarded after taking samples, this to ensure the integrity
of samples and avoid pesticide lost by continuous han-
dling. Samples were poured into Teflon tubes with equal
amount of anhydrous sodium sulfate pre-activated at
440 °C for 4 h (Marmolejo 1999); then 25 mL of a
hexane-acetone solution 1:1 (v /v) was added. A
microwave-assisted extraction of method 3546 EPA
(EPA 2000) was applied at power of 800 W and temper-
ature of 110 °C maintained for 15 min using a microwave
(MARSR). Two milliliters of the extract obtained was tak-
en, filtered (fluorisil sieve with 0.45-μm pore), transferred
into a glass vial, and stored under refrigeration until anal-
ysis. The extraction efficiency of the method was validat-
ed by recovery tests for the five commercial products. The
results showed recovery rates of 88 ± 6% for 2,4-D,
91 ± 7% for atrazine, 91 ± 2% for carbofuran, 94 ± 4%
for el diazinon, and 96 ± 7% for glyphosate.

Biomixture extracts were analyzed to quantify pesticide
residues using a gas chromatography coupled to a mass spec-
trometry (Thermo Scientific Trace GC Ultra 1300), equipped
with an electron capture detector (ECD) in tandem with a
nitrogen-phosphorus detector (NPD). Chromatographic sepa-
ration was done on with capillary column (PerkinElmerR

Elite-17, 30 m × 0.25 mm × 0.25 μm) using helium (BIPR)
as carrier gas at a constant pressure of 100 kPa. The furnace
operated using a temperature ramp starting at 70 °C keeping
1 min and subsequently performing increments of 9 °C min−1

to 200 °C. The temperature was maintained for 2 min, and
subsequent increases of 1.5 °C min−1 up to 220 °C were con-
ducted maintaining this temperature for 1 min. Finally, the
temperature increased 3 °C min−1 to reach 290 °C; this tem-
perature was maintained for 1 min. The chromatograph has a
temperature-programmed vaporization injector (PTV),
splitless mode with initial temperature of 80 °C maintained
for 0.3 min. During the evaporation, phase is increased to
260 °C with increases of 10 °C s−1 maintained for 2 min.
The transfer phase increased up to 300 °C with increases of
13.5 °C s−1 and a cleansing phase to 320 °C with increases of
15.5 °C s−1 maintained for 5 min. Five microliters of each
biomixture extraction was injected to GC-MS using an auto-
sampler (Thermo Scientific TRIPLUS). The ECD detector
had a base temperature of 300 °C and detector temperature
of 330 °Cwith a current of 0.5 nA, pulse width 50V, pulse bad
of 1 μs, and nitrogen as make up with flow of 15 mL min−1.
The NPD worked at temperature of 330 °C with air flow of
50 mL min−1 and nitrogen as make up to 50 mL min−1, with
bias voltage of 50 Vand current of 4 A.

For the quantification of pesticides, the equipment was cal-
ibrated using pattern solutions of 50, 500, 1000, 1500, and
2000 μg L−1 prepared from high purity pesticide standards
(Sigma-Aldrich; 99.9% of purity) diluted in toluene and hex-
ane in 1:1 ratio.

Limit of detection (LOD) and limit of quantification (LOQ)
expressed in μg L−1 were 2,4-D (LOD 0.071 ± 0.045 and
LOQ 0.103 ± 0.059), atrazine (LOD 0.163 ± 0.071 and
LOQ 0.174 ± 0.069), carbofuran (LOD 0.086 ± 0.003 and
LOQ 0.140 ± 0.19), diazinon (LOD 0.044 ± 0.025 and LOQ
0.076 ± 0.048), and glyphosate (LOD 0.212 ± 0.034 and LOQ
0.162 ± 0.047).

Data statistical analyses

Statistical analyses were developed using multifactorial anal-
ysis of variance (ANOVA) to determine the significance of
factors (time, type of biomixture and of pesticide) on pesticide
dissipation. Simple ANOVA analysis and a multiple range
study to determine homogeneous groups between mixtures
and to compare the results of the chromatographic analysis
for times of 20 and 41 days were developed. Simple
ANOVA analysis to determine the significance of time period
on dissipation rate of pesticide was performed. Similarly,
Kruskal-Wallis analysis to determine the significance of each
physicochemical parameter on pesticide dissipation in each
biomixture was performed. Correlations between physico-
chemical parameters were analyzed using Spearman’s corre-
lation matrix. Principal component analysis (PCA) to know
the most important components on pesticide dissipation and
the most significant physicochemical parameters in each com-
ponent was performed. The statistical analyses were done
using Statgraphics Centurion XVI (StatPoint Technologies)
and Primer 6 version 6.1.16 & Permanova + version 1.0.6
(Primer – ELtd).

Results

Pesticide dissipation kinetic in soil

First experiment prior to biobed implementation showed that
all pesticides were quickly dissipated in soil at 41 days
(Fig. 1). Results show 98% (2% of pesticide remaining) and
100% (0% of pesticide remaining) of dissipation at 18 and
41 days, respectively, for all pesticide except for diazinon
which had a dissipation of 96% (4% remaining pesticide) at
18 days. Minimum changes between 18 and 22 days were
observed.

The first-order kinetic model employed showed a good fit
for the dissipation data for all pesticides: 2,4-D (r2 = 94.2),
atrazine (r2 = 86.5), carbofuran (r2 = 97), diazinon (r2 = 94.1),
and glyphosate (r2 = 98.8). DT50 and DT90 in days were
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calculated to knowmore detailed the pesticide behavior; these
values for all pesticides were DT50 = 5.50 and DT90 = 18.26
for 2,4-D, DT50 = 1.6 and DT90 = 5.2 for atrazine, DT50 = 5.7
and DT90 = 18.8 for carbofuran, DT50 = 5.88 and
DT90 = 19.52 for diazinon, and finally, DT50 = 3.5 and
DT90 = 11.6 for glyphosate.

Pesticide dissipation in biomixtures

Second experiment to know the effect of biomixture in pesti-
cide dissipation at two critical times previously selected was
performed. All the different biomixtures tested allowed to dis-
sipate quickly and efficiently the five pesticides, proving the
affectivity of biobeds; in a real situation, this could prevent the
contamination of water by pesticides in farms. Pesticide dis-
sipation was monitored at 20 and 41 days after pesticide treat-
ment in each of the 11 biomixtures and agricultural soil. It was

observed that at 20 days, less than 2% of the pesticide was
detected (Fig. 2a) and, at 41 days, less than 1% was detected
(Fig. 2b). These elevated dissipations averaging 98% (20 days)
and 99% (41 days).

Table 3 shows the percentages of pesticide dissipation in
function of initial concentration of pesticides applied to each
biobed and dissipation rates for each pesticide.

Chemical analysis showed that 20 days after application,
the highest 2,4-D dissipation was observed in the biomixtures
M5 and M12 (i.e., approximately 99.98% (∼540 mg) of dis-
sipation). Biomixture M5 was the most efficient in dissipating
carbofuran, diazinon, and atrazine, with dissipations of
99.72% (114.18 mg), 99.56% (171.04 mg), and 99.90%
(1248.75 mg), respectively. Biomixture M7 was the most ef-
ficient regarding the dissipation of glyphosate (99.61%,
179.30 mg). In total, 2253.14 mg of pesticides were dissipated
in the biobeds. 41 days after their application, most pesticides

Fig. 1 Dissipation kinetic for five
pesticides studied at microcosm
level in soil

Fig. 2 Remaining pesticide (percentage of initial concentration for all pesticides together) in each biomixture. a % remaining pesticide at 20 days
(n = 180). b % remaining pesticide at 41 days (n = 180). (+) mean; (−) median
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were entirely dissipated, several of them being not anymore
detected. The most striking aspect is glyphosate, which was
completely dissipated compared with its initial concentration
in all biomixtures. Other pesticides such as 2,4-D and diazinon
were also dissipated almost 100% in many biomixtures.

An important aspect to note is that time periods from 0 to
20 and 20 to 41 days (F = 114.22; P < 0.05) and type of
pesticide (F = 25.74; P < 0.05) were statistically significant
on rate of pesticide dissipation, this despite minimum differ-
ences between them for all pesticides and biomixtures. All
pesticides show a very important slowdown in pesticide rate
between the two periods of time; however, to the different
biomixtures, the rate of dissipation was similar to each time
period. Pesticide dissipation rates in the different biomixtures
had values from 26.94 to 27.00 mg day−1 (2,4-D), 62.29 to
62.44 mg day−1 (atrazine), 5.71 to 5.76 mg day−1

(carbofuran), 8.42 to 8.54 mg day−1 (diazinon), and 8.84 to
8.97 mg day−1 (glyphosate) in all biomixtures at time period
of 0–20 days; at time period of 20–40 days, the dissipation
rates had values from 0.00 to 0.05 mg day−1 (2,4-D), 0.03 to
0.10 mg day−1 (atrazine), 0.01 to 0.04 mg day−1 (carbofuran),
0.03 to 0.16 mg day−1 (diazinon), and 0.03 to 0.15 mg day−1

(glyphosate) in all biomixtures. M1 had the lowest dissipation
rates of 2,4-D, atrazine, diazinon, and glyphosate, and M2 of
carbofuran in time period from 0 to 20 days. For time period
from 20 to 41 days, M1 had the lowest dissipation rate of 2,4-
D, M5 of atrazine and diazinon, M6 and M7 of carbofuran,
andM7 of glyphosate. The most evident case was M6 andM7
for carbofuran; dissipation rate of this pesticide was 99.97%
for 0–20 days and 27.12% for 20–40 days.

Effect of biomixture, time, and pesticide type
on dissipation

Multifactorial ANOVA analysis at 95% confidence for per-
centage of pesticide remnants and the factors of time,
biomixture, and type of pesticide showed that the three factors
and their interactions were statistically significant over the

remaining concentration of pesticides in biomixtures under
study (P < 0.05) (Table 4).

The ANOVA analysis at 95% confidence for all
biomixtures showed significant differences in the percentage
of remaining pesticides according to the type of biomixture
(P < 0.05). Multiple range test at 95% confidence at 21 days
led to the identification of four homogeneous groups G1 to G4
ranked in accordance to their ability to dissipate pesticides
(least significant difference (LSD) from Fisher): group 1
(made of M3, M5, M6, M7, M8, and M10) > group 2 (made
of M3, M6, M7, M8, M10, and M11) > group 3 (made of M2,
M3,M4,M6,M9, andM11) > group 4 (made ofM1,M2,M9,
and M12). At 41 days, multiple range test at 95% confidence
two homogeneous groups G1 and G2 ranked in accordance to
their ability to dissipate pesticides (least significant difference
(LSD) from Fisher) was identified, group 1 (made of M3, M4,
M5,M6,M7,M8,M9,M10,M11, andM12) > group 2 (made
of M1, M2, M4, M6, and M9). It is noteworthy that soil (M1)
was part of group 4 at 20 days and of group 2 at 41 days both
characterized by the lowest ability to dissipate pesticides.

Having in mind that physicochemical parameters such as
soil pH and moisture, lignin content, and OM content are
known to influence pesticide dissipation, statistical analyses
(Kruskal-Wallis test; K = test statistic) were carried out on our
data set to verify their importance in pesticide dissipation ob-
served in the miniaturized biobed. Results showed that OM
(K = 21.24; P(0.031) <0.05), lignin (K = 21.24; P(0.031)
<0.05), WHC (K = 21.24; P(0.031) <0.05), and soil pH
(K = 21.10; P(0.020) <0.05) were significantly influencing
pesticide dissipation. According to P values, these parameters
could be ranked as follows pH > lignin = WHC = OM for the
importance of their influence on pesticide dissipation.

Figure 3 shows the Spearman’s correlation between each
physicochemical parameter; this correlation analysis was se-
lected because some factors had standardized kurtosis out of
range. Values of r near to −1 and +1 imply a strong relation-
ship between the two factors. Thematrix shows that%OMhas
a better positive correlation with %N. Lignin has a good pos-
itive correlation with the C/N ratio; like lignin, the %WHChas
the best correlation (positive) with C/N ratio. Finally, %N has
a moderate negative correlation with C/N ratio and a low
correlation (negative) with pH, being this the best correlation
of pH with some parameter. The percentage of remaining pes-
ticide (%RP) showed poor correlations with the parameters;
however, pH, WHC, C/N ratio, and lignin had negative cor-
relation; this implies that %RP decreases, while these factors
increase. However, the unique statistically significant correla-
tion of %RP was with pH; this coincides with ANOVA anal-
yses where this parameter was the most significant.

Table 5 presents the principal component analysis. The
importance of physicochemical parameters is evident and
has relationship with ANOVA analyses where these parame-
ters were significant on pesticide dissipation.

Table 4 Effect and Interaction of factors on pesticide dissipation

P value

Factor

Time (2 levels) P ∼ 0.00, (P < 0.05)

Pesticide type (5 levels) P ∼ 0.00, (P < 0.05)

Biomixture (12 levels) P ∼ 0.00, (P < 0.05)

Interactions

Time-pesticide type P ∼ 0.00, (P < 0.05)

Time-biomixture P ∼ 0.00, (P < 0.05)

Pesticide type-biomixture P ∼ 0.00, (P < 0.05)

Time-pesticide type-biomixture P ∼ 0.00, (P < 0.05)
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The principal component analysis shows that both compo-
nent 1 and component 2 explain the 60.4% of variability, with
37.2 and 23.2% for components 1 and 2, respectively. From
the previous table can be interpreted that component 1 corre-
sponds to physicochemical characteristics of substrates being
carbon-nitrogen ratio the main parameter; this infers that mi-
croorganism activity is very important in pesticide dissipation
process. Component 2 presents as main factors %RP and pH,
what supports the relationship between these factors being pH
more important.

Figure 4 shows the behavior of biomixtures according with
remaining pesticide and their relationship with the different
factors. Perpendicular vectors mean poor or bad correlation
between the two factors. The behavior of biomixtures coin-
cides with chemical and statistical analyses of remaining pes-
ticides, which show that M1 at the left of axis has the greatest
variation for all pesticides and the lowest pesticide dissipation,
this is because M1 data are in the same direction of %RP; this
means that %RP is larger in this biomixture. The figure shows
that most biomixtures are on the right of axis, and these are
more related with lignin, WHC, C/N ratio, pH, and of course
percentage of remaining pesticide (%RP) because of the op-
posite direction with %RP vector. Percentage of remaining
pesticide in M5 according to Fig. 4 is very well related with

C/N ratio and WHC and in less degree with pH and lignin
content.

Figure 4 shows that %RP has a negative relationship with
pH, lignin, C/N ratio, and WHC because of the opposite di-
rection of their respective vectors, which implies that %RP
decreases, while pH, lignin, C/N ratio, and WHC increase
coinciding with correlation analysis. Relationship with OM
and N was less significant.

Discussions

Pesticide dissipation

Experiment performed in soil at microcosm level showed that
pesticides were dissipated quickly at 18 days (pesticide re-
maining < 2%) with exception of diazinon (pesticide remain-
ing = 4%); however, differences between 18 and 22 days for
all pesticides were minimum and total dissipation was ob-
served for all pesticides at 41 days. According to DT50 and
DT90 2,4-D, carbofuran and diazinon had a similar behavior
being the least dissipated pesticides; moreover, DT50 and
DT90 for atrazine and glyphosate showed that these pesticides
were the best dissipated. Bibliography reports similar results
in soil for pesticides such as 2,4-Dwith dissipation above 95%
after 14 days (Ferrera-Cerrato et al. 2006) similar to 92% in
this research in the same time; DT50 = 3.5 days for glyphosate
is very similar to DT50 of 2–3 days reported by Burger and
Fernández (2004). DT50 for atrazine in this research has a
value of 1.6 days; this value is in range of 0.99–35 days using
surface soils reported by Guillén-Garcés (2007). About
carbofuran, Pimmata et al. (2013) report DT50 of 7.08–
9.37 days in soil with low organic carbon content (0.89%)
using mixture cultures as inoculum for high carbofuran con-
centrations; in this research, DT50 = 5.7 days for carbofuran
was reported, and this difference can be attributed to record of
pesticide applied in agricultural soil used and that organic
carbon content of soil in this research is much higher
(20.6%). For diazinon, Marín-Benito et al. (2014) report dis-
sipation between 77 and 97% at 35 days using a sandy loam

Fig. 3 Spearman’s correlation
matrix for all physicochemical
parameters of biomixtures
involved in pesticide dissipation
process. Organic matter (a), lignin
(b), water holding capacity (c),
total nitrogen (d), carbon-nitrogen
ratio (e), hydrogen potential ( f ),
and percentage of remaining pes-
ticide (g). (+) Mean; (−) median;
all correlations at confidence of
95%. *Statistically significant
(P < 0.05)

Table 5 Component
weights Factor Component 1 Component 2

OM −0.274 −0.651
Lig 0.427a −0.020
WHC 0.273a −0.565
N −0.542 −0.282
C/N 0.515a −0.383
pH 0.301a 0.141a

%RP −0.140 0.103a

OM organic matter, Lig lignin,WHCwater
holding capacity, N total nitrogen, C/N
carbon-nitrogen ratio, pH hydrogen poten-
tial, %RP percentage of remaining
pesticide
a The mos t in f luen t i a l f ac to r on
components
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soil with organic carbon content of 0.47%; although soil type
is the same in this research dissipation of diazinon near 97%
was recorded at 22 days at microcosm level, this can be due to
high organic carbon content of soil.

For miniaturized biobed systems, pesticide dissipation at
20 and 41 days above of 98 and 99% in this research was in
accordance with dissipations averaging 90% for various pes-
ticides (including atrazine) in biobed devices (Ponce-
Caballero 2005; Castillo et al. 2008; de Roffignac et al.
2008; Dakhel et al. 2013) which support that new materials
in biobed increase the dissipation even shorter times.

For this research, glyphosate was completely dissipated at
41 days in all biomixtures, de Roffignac et al. (2008) reported
that 99% of glyphosate was degraded at 6 months using ba-
gasse of sugar cane and soil in proportion 3:1 (v/v), M3 was a
similar biomixture (1:1; v/v) used, and 41 days was enough to
dissipate the total quantity of glyphosate applied (180 mg);
this short time is perhaps by the differences in physicochem-
ical parameters and the proportion of soil in biomixtures
(50%) which implies that microorganisms present in soil are
very important in pesticide dissipation.

Other researchers reported that 50% of atrazine was dissi-
pated at 28.6 days replacing partially straw by oat husk in
biobed (Urrutia et al. 2013); this is lower than reported in this
research with atrazine dissipation above 98% in biomixtures
without straw. This could be attributed to differences in oper-
ating temperature, WHC, and the substrates used, which im-
plies that biomixture composition is very important and can be
inferred that anaerobic process had place in biomixtures be-
cause of the high WHC (90%), this according with Castillo
and Torstensson (2007). It is important to note that three of the

best biomixtures in atrazine dissipation at 41 days (M6, M7,
and M8) have in their composition compost (25%); this coin-
cides with reported by Castillo et al. (2008) who established
that biomixture with 30% of compost increase atrazine min-
eralization and its degradation.

A very important aspect is that 2253.14 mg of pesticides at
20 days were dissipated; this in biobeds working in farms in a
real situation means prevention of the possible contamination
of 22.53 × 106 L of water (2006/118/EC, 2008/105/EC) if
released as point-source contamination, this according to
European Community (2006, 2008).

These results show the importance of biomixtures in pesticide
dissipation, this is because although pesticide remaining are be-
tween 0 and 2% at 20 days and less than 1% at 41 days with
respect to the initial concentration for all biomixtures, minimum
differences were significant, and remaining less than 0.1% of
initial concentration implies a risk for water according to inter-
national regulations. It is very important to note that treatment
systems of agricultural effluent type biobed have a lifespan of
about 8–10 years (Fournier et al. 2006). After its lifespan, the
biomixture remains 2 yearswithout the application of agricultural
effluents and sufficient time to dissipate any pesticide remaining.

One aspect to take into account is the temperature.
Temperature used in this research (29.6 ± 2 °C) is highest
compared with temperatures used in other research with
values from 15 to 25 °C (Ponce-Caballero 2005; Castillo et al.
2008; Karanasios et al. 2010b; Urrutia et al. 2013; Ruíz-
Hidalgo et al. 2014). Castillo and Torstensson (2007) report
highest dissipations of some pesticides at 20 °C against lower
temperatures. Temperature could be one of the main reasons
of quickly dissipations of pesticides in this research. Castillo

Fig. 4 Bi-graphic of component
weight and relationship of
remaining pesticides and
physicochemical parameters with
biomixtures. Organic matter (a),
lignin (b), water holding capacity
(c), total nitrogen (d), carbon-
nitrogen ratio (e), hydrogen po-
tential ( f ), and percentage of re-
maining pesticide (g). M1 to M12
are the different biomixture test-
ed. Clusters to biomixtures
(Euclidean distance =2.1) (broken
lines)
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et al. (2008) support the fact that high temperature has an
effect on microbial activity, on degradation of the organic
matter, and on solubility of the pesticides. According to
CONAGUA (2015), the average temperature in Yucatan pen-
insula has values from 30 to 35 °C; this can directly influence
the dissipation of pesticides in biobeds operating in the agri-
cultural fields.

At microcosm level in soil, all pesticides were dissipated at
41 days, but in biobed, atrazine and carbofuran were not dis-
sipated completely in any biomixture; this could be attributed
to conditions of both experiments. Biobeds have 500 cm3 of
biomixture including soil and pesticide in solution can leach to
bottom of container and be retained more time.

Effect of biomixture, time, and pesticide type
on dissipation

Statistical analyses ANOVA showed that biomixture was sig-
nificant (P < 0.05) on pesticide dissipation, but time and pes-
ticide type were also significant (P < 0.05), so this factors
should be considered when biobeds are implemented.
According to Kruskal-Wallis analyses, physicochemical pa-
rameters of biomixtures (pH, lignin, WHC, OM, OC) were
significant (P < 0.05) in pesticide dissipation, being pH the
most significant; this is accordance with previous studies
(Ponce-Caballero 2005; Castillo and Torstensson 2007) show-
ing the importance of these parameters for pesticide dissipa-
tion in biobed. The pH significance is important because of let
to know that minimum variations (7.25–7.67) of this parame-
ter between biomixtures are more significant than other
parameters.

Lignin content is maybe the parameter more studied, even
inmost of research about biobeds strawwas replace with other
lignin-rich substrates reporting higher pesticide dissipations
(Torstensson 2000; Pigeon et al. 2005; Castillo and
Torstensson 2007; Coppola et al. 2010; Ruiz-Hidalgo et a.
2014; Pinto et al. 2016). These results coincide with obtained
in this research where lignin was one of the most significant
parameters (P < 0.05) on pesticide dissipations in biomixtures
without straw, corroborating that lignin content in biomixtures
is very important.

Castillo et al. (2008) establish a strong relationship between
C/N ratio and lignin content of biomixtures in pesticide deg-
radation processes. This could be proved in this research.
Spearman’s correlation (Fig. 3) shows that the best positive
correlation of lignin was with C/N ratio and this is consistent
with principal components analysis.

Principal components analysis (Fig. 4) shows that relation-
ship of %RP with pH, lignin, C/N ratio, andWHC is negative;
this implies that %RP decreases, while pH, lignin, C/N ratio,
and WHC increase coinciding with correlation analysis, but
according to Castillo and Torstensson (2007), low pH values
(∼5.9) increase pesticide degradation by fungi, so the pH

values above 7.0 registered in this research for all biomixtures
implies that dissipation by degradation cannot be attributed
totally to possible fungi presence and bacteria presences
should be considered (Fournier et al. 2006). Analytical results
for all pesticides in all biomixtures show that M5was the most
efficient biomixture; this is supported by Fig. 4 where remain-
ing pesticides in M5 are well related with C/N ratio, lignin
content, and pH. It is important to mention that presence of
fungi was observed in some biomixtures such as M5; this
could confirm the biodegradation of pesticide. Dakhel et al.
(2013) report best retention and dissipation of pesticides at
two monitoring times (4 and 13 months) in a biomixture com-
posed by soil and straw (1:1); this coincides with pesticide
dissipation inM5whose composition is very similar (soil/corn
stover, 1:1). However, soil seems to be very important because
all biomixtures (soil content of 50%) had high dissipation.

Statistical analyses show that pesticide type is significant in
pesticide dissipation. In this research, five different commer-
cial pesticides were used, all them in solution. According to
Pesticide Properties DateBase (PPDB 2016), more soluble
pesticides were glyphosate and 2,4-D, and they were best
dissipated in this research. Gimsing et al. (2004) establish that
glyphosate has relatively rapid degradation in soil, so degra-
dation could be a factor of complete dissipation for this pesti-
cide. Cabildo et al. (2008) establish that more soluble pesti-
cides are more likely to be chemically degraded and the less
soluble pesticides have a greater contaminant potential; this
supports the glyphosate and 2,4-D behavior in all biomixtures.
Contrary, carbofuran and atrazine had the lowest dissipation in
all biomixtures at 41 days; according to Pesticide Properties
DateBase (PPDB 2016), these pesticides are less soluble than
the others, and according to Cabildo et al. (2008), this makes
these pesticides more persistent in all biomixtures.

Adsorption phenomena could be an important factor in
pesticide behavior in biomixtures; Pesticide Properties
DateBase (PPDB 2016) reports higher values of kf for
d iaz inon and glyphosa te (0 .70–2573 and 9 .4–
700 mL g−1) which implies that these pesticides have
good affinity to soil and maybe more available for bio-
degradation because of their behavior in all biomixture for
this research. Contrary, atrazine has the lowest values of kf
(1.3–6.3 mL g−1); this means that atrazine does not have
good related with soil and maybe other factors affect its
dissipation. However, it is important to establish that these
results consider soils with OM values lower than reported
in this research, and affinity of pesticides in soil may vary.
Complementary factors such as pH of biomixtures could
affect degradation and adsorption of pesticides (Wang
et al. 2011). However, it is important to highlight the
relationship between dissipation and adsorption phenom-
ena (Olvera-Velona et al. 2008; Aparicio et al. 2015).

It is important to highlight that all commercial pesticides
used have in their composition interveners that can modify
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their physicochemical characteristics and maybe this is the
reason of similitude in dissipation for all pesticides.

Conclusions

The research corroborates the efficiency of biobeds (even only
soil) at 41 days, recording dissipation of atrazine, carbofuran,
diazinon, glyphosate, and 2,4-D over 99% in all biomixtures.
This time is lower than time reported in other research.

Statistical analyses showed significant differences in pesti-
cide dissipation according to the type of biomixtures, withM5
(soil/corn stover) the most efficient on pesticide dissipation,
being this strongly affected by WHC, lignin, C/N ratio, and
pH proving the importance of physicochemical parameters of
biomixtures. However, the difference in efficiency with other
biomixtures is minimal, since all biomixtures had efficiencies
greater to 98% at 20 days and greater than 99% at 41 days.
Therefore, it is important to note that 0.01% of remaining
pesticides according to their initial concentrations implies a
risk for groundwater pollution.

In conclusion, agricultural effluent treatment systems with
high concentrations of pesticides type biobed present a viable
option for farmers in the region in preventing pollution of soil
and water bodies by pesticides. It has been proved that adding
substrates from the region never used in biobeds (sisal, sea-
weed) increases the efficiency in pesticide dissipation, indicat-
ing that replacement of the original substrates such as straw
and peat with new substrates can be an option to adapt biobeds
to other regions and for different environmental conditions,
preventing groundwater and soil pollution by pesticides.
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